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Abstract 


Electrochemical dissolution of highly-doped (p ~ 1 mfTcm, n-type) polycrystalline 3C-SiC in 
HF/H 2 O and HF/H20/ethanol solutions allowed to produce porous silicon carbide (por-SiC), and 
soluble carbon fluorooxide nanoparticles as a by-product. The por-SiC is a well-crystalline 
material with large pore volume, surface area close to 100 m g' and open mesoporous structure. 
The surface of por-SiC is covered with a thin carbon-enriched layer, bearing carboxylic acid 
groups. Depending on the SiC resistivity, etchant composition and current density, three different 
types of por-SiC morphology, namely a macroporous tubular, mesoporous hierarchical and 
mesoporous filamentary were revealed. A qualitative physical model of SiC electrochemical 
dissolution, based on the phenomena of quantum confinement, charge carriers trapping onto the 
surface defects, and the surface passivation, was proposed, and successfully interpreted the 
dependencies of por-SiC morphology and material balance on the etching conditions. The por- 
SiC is anticipated to be a prospective material for catalytic, nanofiltration and sensing applications. 








1. Introduction 


Silicon carbide demonstrates the properties of a wide band-gap semiconductor (AE = 2.36 eV 
for 3C-SiC polytype) combined with high thennal conductivity (120 W m' 1 K' 1 for 3C-SiC as 
compared to 1.4 W m' 1 K' 1 for SiOi), and outstanding thennal, mechanical and chemical 
stability 1 . These unique features make the SiC-based nanostructures (porous SiC (por-SiC) and 
SiC nanowires (SiC NWs)) promising for the application as catalysts supports”' , photocatalysts ' 
8 , biosensors 9 , supercapacitors 10 ’ 11 , production of porous carbide-derived carbons 12 , nanoporous 
membranes 13 as well as for further grinding to produce SiC nanoparticles 14 ' 17 . 

As the other nanostructures, the por-SiC can be obtained by a “bottom-up” approach, which 
includes the formation of the por-SiC structure from low-molecular substances, as well as a “top- 
down” approach, through porosification of bulk SiC . Reactions used for the “bottom-up” 
synthesis of the por-SiC include carbothermal ’ or magnesiothennal" ’ reduction of C/SiOi 
nanocomposites, interaction of porous carbon with silicon monoxide" or silicon powder ’ . 
Significant attention was paid to a nanocasting method based on the thennal decomposition of 
special preceramic polymer (polycarbosilane) confined inside the pores of solid SiCb template" ' 
, assembled around semifluorinated alkane molecular template or included as a 
polycarbosilane unit into the block copolymer ’ . However, the por-SiC obtained by 
carbothennal reduction or by reaction with SiO commonly demonstrates low surface area, 
disordered porous morphology, and wide pore size distribution due to the vapor-phase reaction 
mechanisms . The nanocasting-derived por-SiC with well-defined morphology is rather semi- 
amorphous than crystalline material. All the other “bottom-up” nano-SiC materials possess a lot 
of crystalline structure imperfections. 

Thennal conductivity , chemical stability , optical, and electrical properties of the SiC are 
detennined substantially by the degree of its crystalline structure ordering. This fact may cause 
essential limitations of the “bottom-up” nano-SiC applicability in different fields. On the other 
hand, the “top-down” nano-SiC prepared by partial dissolution of the bulk SiC is considered to 



contain a minimal amount of crystallite imperfections, due to their low content in the initial bulk 
SiC, and due to their lower chemical stability as compared to perfect crystallites. Application of 
the electric current as an oxidant makes etching process well-controllable and reproducible. 

Generally, the first claims of electrochemical etching of the SiC were electropolishing and 
patterning of its surface; different electrolytes, such as NaOH, KOH, H 2 O 2 , HC1, H 2 SO 4 , and HF 
were used for this purpose [see review and references therein]. The HF (in combination with 
H 2 O and/or organic solvents) was found to be the most efficient among them due to its activity in 
the dissolution of surface-present SiCF. The formation of por-SiC layers under SiC anodization 
was frequently considered as undesirable side process until in early 1990-th, in pursuit of 
Canham’s famous publication on photoluminescence of porous silicon 39 , several research 
groups 40 " 43 described intense photo luminescence of the por-SiC. 

The morphology of the pores of electrochemically-derived por-SiC is detennined by a wide 
set of process parameters, particularly by electrolyte composition, current density, SiC substrate 
polytype (more than 200 polytypes are known 44 ), SiC doping level and type. Other factors 
include the presence of defects, such as vacancies and micropipes, intensity and wavelength of 
illumination. The latter is crucial for medium or low conductivity n-type SiC, highly-resistant to 
electrochemical etching in the dark due to the lack of holes near the surface. 

Furthermore, different from the silicon, the SiC is a polar semiconductor. As a result, the 
polar planes of SiC structure, such as Si plane ( (0001) in hexagonal polytypes, (111) in cubic 
polytype) and C plane ( (0001 ) and (TTT), correspondingly), possess significantly different 
chemical properties. According to refs. 45 ’ 46 , the geometry of mesopores in n-type por-4H-SiC 
originates mainly from the highest chemical stability of “Si-planes” ((0001) and (11 02) for 4H 
SiC polytype) towards oxidation. The pore propagation preferably occurs nonnal to (1120) 
planes of 4H-SiC, which atomic structures correspond to one of the (110) plane of 3C-SiC. All 
aforementioned makes the morphologies of the por-SiC much more variable and less- 
predictable, than those reported for porous silicon. 



The pore morphology was characterized mainly for the por-SiC derived from 
monocrystalline n-type 4H-SiC and 6 H-S 1 C wafers 47 . Three types of mesoporous morphologies 
exhibiting “chevron-like”, “triangular” and “dendritic” pore cross-sections and characteristic 
pore sizes in the range of 10 - 50 nrn are commonly reported. Two macroporous morphologies, 
such as “sinuous” with 100 - 300 nm pores with partially rafted walls and “columnar” with 200 
- 300 nm linear channels are also acknowledged. 

An influence of the etching conditions on the pore morphology has a complex nature due to 
the non-unifonn doping of the SiC as well as the necessity of illumination for n-type SiC wafers. 
Therefore, different morphologies coexist within the same layer at different depth and ever 
laterally. Particularly, next general points have been summarized from the literature data: 

i) Increase of the current density (j) led to a consecutive morphology evolution in the next order: 
“chevron-like” - “triangular” - “dendritic” - “sinuous” - “columnar” 46,48 . The order of 
mesoporous morphology evolution from the “chevron” to “dendritic” in the depth of the porous 
layer is also usually kept 49 ' 51 . 

ii) Within the same morphology, an increase of the j resulted in the increase of the porosity and 
corresponding narrowing of the pore walls and growing of the pore size 52 ’ 54 . However, the 
interpore distance remains constant; probably it is determined by the thickness of a space charge 
region (SCR) blocking the initiation of neighbor pores 46 . 

iii) Increase of the samples’ resistivity as well as decrease of illumination intensity for low- 
conducting n-type SiC resulted in porous layer inhomogeneity and appearance of the 

48-55 

macropores 

iv) The morphology of por-SiC is very sensitive to the crystalline face exposed to the etching. 
Particularly, the “C-face” etches faster compared to the “Si-face”, however the resulted 
morphology is significantly less ordered 46,50 . 

The porosification of any SiC substrates, other than the hexagonal n-type wafers, is 
comparatively less studied due to their low accessibility. The p-type hexagonal por-SiC 



demonstrates “branched” and “filamentary” mesoporous morphologies, less ordered than those 
of n-type por-SiC 52 . Porous 3C-SiC 47 , derived from monocrystaline wafers, demonstrates 
triangular and “fish-bone” morphologies (vertical pore trunks with short and nearly horizontal 
mesopores), similar to ones found recently for por-Ge 56 . The triangular pores of por-3C-SiC 
form rows along the (ITT) direction, and, possibly, propagate along the (100) and/or (110) 
directions. 

The electrolyte composition is the least studied parameter in the por-SiC preparation. 
Commonly, the electrolytes containing 5-25 wt% of HF and up to 50% of ethanol are used. 
According to refs. ’ , the concentration of HF and additives (ethanol, acetic acid, surfactants, 
H 2 O 2 and KC1) influences significantly on the por-SiC morphology; however, no general 
tendency was possible to reveal from the data provided. One fact seems unavoidable, that no por- 
SiC was formed in extremely diluted (< 0.2 wt%) HF solutions due to electropolishing process . 

The chemistry of SiC electrochemical porosification also appeared complicated. The number 
of electrons (y) generated under dissolution of a single SiC “molecule” is varied in the range 
from 5 to 7 depending on the anodization conditions ’ . Following concurrent reactions (1-3) 
were assumed due to this fact: 

SiC + H 2 0 + 6F“ - 4e~ = SiF 6 2 “ + CO + H 2 (1) 

SiC + H 2 0 + 6F“ - 6e“ = SiF 6 2 ' + CO + 2H + (2) 

SiC + 2H 2 0 + 6F“ - 8e“ = SiF 6 2 " + C0 2 + 4H + (3) 

As the fonnation of hexafluorosilicate is doubtless, the transfonnations of carbon under SiC 
etching are not as simple as they seem to be. According to our recent work 59 , the organic-like 
oligomeric compound readily soluble in polar solvents and named carbon fluorooxide (CFO) is 
fonned. The sublayer of the chemisorbed CFO, remained after etching, is a possible origin of 
carbon enrichment of the por-SiC surface, described in numerous papers 49,60 ’ 61 . 

According to all aforementioned, electrochemical porosification is an efficient route to 
produce well-crystalline por-SiC with controllable parameters. Hitherto, its application is limited 
to the porous layers on semiconductor-grade wafers and production of the SiC nanoparticles. 



Herein, we describe the porosification of monolithic low resistivity (n-type, ~ 1 mflxm) 
chemical vapor deposition (CVD) polycrystalline 3C-SiC substrates, readily available to prepare 
the por-SiC in gram quantities. High doping level of these substrates allowed us to avoid influence 
of such uncontrollable etching factor as illumination due to the possibility of holes tunneling 
through the narrow SCR. 

The morphology of the por-SiC was studied mainly by SEM and N 2 -adsorption isothenns; 
additional characterization of the por-SiC structures and surface chemistry was performed by 
means of powder XRD, TEM, FTIR, and solid-state NMR. Analysis of the dependencies of por- 
SiC morphology and material balance (yields of por-SiC and CFO products) on the etching 
conditions allowed us to propose a qualitative physical model of the SiC electrochemical 
dissolution, based on the phenomena of quantum confinement and surface passivation. The 
conditions of etching were optimized to prepare highly crystalline por-SiC with open 
mesoporous morphology. This material is perfectly suitable as a support in highly exothennic 
reactions. Obtained por-SiC samples have been used to host cobalt nanoparticles demonstrating 
superior catalytic performance in highly exothermic Fischer-Tropsch reaction . The catalytic 
results will be published in the forthcoming paper. 

2. Experimental section 

2.1. Porous SiC preparation by electrochemical etching 

Monolithic CVD polycrystalline 3C-SiC plates (>99.9995% SiC) with low resistivity 
were purchased from Rohm and Haas; the specification is available on a web-site of Dow 
Chemicals Company . The anodization was performed in the Teflon cells with copper 
electrodes as backside contacts and gold counter-electrodes. Three 4 mm thick, 100 mm diameter 
plates with the resistivities equal to 0.7; 1.6 and 4.0 mfi-cm (n-type) were chosen for anodization 
in 60 cm" cell to produce powder samples for N 2 -adsorption analysis; small pieces of 1 mm thick 
0.7 mQ-cm plate were anodized in 0.2 cm" cell for cross-sectional SEM analysis. The 
electrolytes consisted of HF (1-48 wt%), H 2 0 and EtOH (0, 25 or 50 vol%). A range of current 
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densities 25 - 1000 inA cm' was used; no additional stirring was applied. Normally, the SiC 
surface subjected to etching was rough as a result of the multiple usages of the plates (after 
consecutive porous layer removal). 

After the etching, the porous layers formed on top of the SiC plate were rinsed with DI 
water, dried and collected by mechanical scratching leading to brownish powders. To separate 
the por-SiC and the CFO 59 , the powders were rinsed with EtOH under centrifugation. As the SiC 
plates were used for several times, the residues of por-SiC were thoroughly removed from the 
plate under mechanical action and EtOH rinse steps. Processes of SiC plates etching, samples 
work-up and CFO/SiC separation are schematically represented on the Fig. 1. 
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Fig. 1. Scheme of the samples preparation. 


2.2. Characterization methods 

To obtain the material balance parameters, the SiC plate, subjected to etching, was 
weighted on each stage of the process with ±0.01 mg precision. The overall yield of the powder 
(Y) was calculated according to formula: 

7 = m ' ~ Ml - 100 % 
m 0 -m 2 

where mo is the SiC plate mass before etching, mi is the plate mass after etching and drying, mi 
is the plate mass after complete powder removal. As the etching of the SiC plate provides a 
mixture of both, por-SiC and ethanol-soluble CFO 59 , the por-SiC fraction in the powder (W(SiC), 
%) was detennined as the ratio of dried powder masses after and before the ethanol rinsing. 

Powder X-ray diffraction (XRD) patterns were collected on a Bruker Pan Analytical 
X’pert diffractometer equipped with CuKa X-ray source. FT-IR spectra were collected on a 













Nicolet Nexus 470 spectrometer in pellets with KBr or in diffuse reflectance mode under 
ambient conditions. ~ Si MAS NMR spectrum ( H cross-polarized) was recorded on Bruker 
Avance III 400 spectrometer at 79,495 MHz and 4.5 kHz rotation speed. 

TEM images were taken on JEOL JEM 2100 high-resolution transmission electron 
microscope with an accelerating voltage 200 kV. Scanning electron microscope (SEM) images 
were taken using the ultra-high resolution Tescan MIRA 3 scanning electron microscope at an 
accelerating voltage of 10 kV. The nitrogen adsorption/desorption isothenn measurements were 
carried out using Micromeritics ASAP 2020 system at 77 K. Adsorption data were treated 
according to the BET method and BJH method with Harkins-Jura correction using a standard 
software of the instrument. 

3. Results and discussion 

3.1. Chemistry and material balance of the SiC etching 

According to the literature data 40 ' 58 , main variables, influencing the characteristics of 
electrochemically-derived por-SiC are the SiC plate resistivity (p), crystallographic orientation, 
composition of electrolyte, current density (J) and the action of light. SiC plates used in this 
study are polycrystalline as they were industrially obtained by CVD; hence, the influence of the 
crystallographic orientation was not possible to study. High conductivity (p ~ 1 mQ-cm) allowed 
etching of these n-type plates at reasonably low voltages without any additional illumination. 
Typically the voltage does not exceed 12 V between the two electrodes in the large cell (60 cm" 
area; 10 cm distance). Therefore, the etching process is probably governed only by 
electrochemical reactions, proceeding by the holes tunneling through the SCR. Breakdown 
processes taking place at high voltage during etching of low-doped n-type semiconductors in the 
dark could be excluded. As a result, an influence of illumination in the studied case should be 
less significant than for low-doped SiC wafers, and this parameter was not taken in account. Our 
preliminary data demonstrates, that the quantity of the electricity (Q) passed through the etched 



area has no or little impact on the por-SiC morphology and yield. So, for each series of the 
samples the value of Q was kept constant. 

Table 1. Etching conditions and material balance parameters of por-SiC powders 


Sample 

Electrolyte 

j, mA-cm' 2 

Y, % 

W (SiC), % 

Initial plate 0.7 mQ-cm 

1 

*HF:EtOH (1:1) 

25 

45 

6 

2 

50 

33 

6 

3 

100 

13 

18 

4 

200 

5 

71 

5 

HF:EtOH (3:1) 

50 

38 

16 

6 

100 

37 

25 

7 

HF (5%) 

50 

15 

100 

8 

HF (13%) 

25 

19 

100 

9 

50 

20 

100 

10 

100 

14 

100 

11 

HF (26%) 

25 

13 

86 

12 

100 

14 

77 

13 

HF (48%) 

25 

24 

19 

14 

50 

45 

15 

15 

100 

6 

6 

Initial plate 1.6 mQ-cm 

16 

HF (13%) 

50 

39 

100 

17 

HF:EtOH (1:1) 

50 

32 

26 

Initial plate 4.0 mQ-cm 

18 

HF (13%) 

50 

45 

100 

19 

HF:EtOH (1:1) 

50 

32 

52 


* means HF(48%):EtOH 1:1 (v/v) 

9 

The quantity of the electricity (Q) is equal to 0.1 A-h-crn' for all the samples. 

Material balance parameters: Y is the powder yield; W(SiC) is the fraction of por-SiC in 
powder. 

The sample referencing in the following text includes the plate resistivity, electrolyte 
composition and current density (for example SiC0.7_HF13_50 for sample 9). 


Only the plate resistivity, the electrolyte composition, and the current density were 
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considered as variable parameters of the etching. A series of samples was prepared in the 60 cm 
cell to obtain sufficient amounts of porous SiC for the material balance and Ni adsorption 
characterization (Table 1). To cover a wider set of etching conditions, small 0.2 cm samples 
(sSiC) were prepared from thin 0.7 mQ-cm SiC plate exclusively for SEM studies to reveal their 


porous morphology. Referencing of these samples in following text includes the electrolyte 



composition and current density. For example, sSiC_HF:EtOH(l:l)_50 means the sample, 
prepared in FIF(48%):EtOH mixture (1:1, v/v) at 50 rnA-cm' 2 . 


The por-SiC layers on top of the SiC plate could easily be seen as lightly-colored (from 
sand-like to brown) deposits on the black surface (Fig. 2). 




Fig. 2. Optical photos of porous SiC samples. Sample referencing corresponds to Tables 1 and 2. 
A) SiC0.7_HF13_50 before removal from the plate; B) SiC0.7_HF48_100; C) SiC4.0_HF13_50: 
brown - external surface, sand - internal surface; D) sSiC HFl_50 (black), sSiC_HF2_50 (sand) 
and sSiC_HF48_50 (brown). 


In some cases the porous layers detached completely (sSiC_HFl_50 and 
sSiC_HF:EtOH( 1:1 )_50) or partially (SiC0.7_HF48_100, sSiC_HF13_1000 and sSiC_HF48_50) 
from the plate during the stages of etching or rinsing. This phenomenon looks similar to well- 
known electropolishing of the silicon under anodization in HF solutions at high currents or low 
acid concentrations, when the electrochemical oxidation of Si is faster than the oxide dissolution 
in HF 64 . This exactly happens for the samples sSiC_HFl_50 and sSiC_HF13_1000. However, 



electropolishing at moderate currents in 48% HF or HF:EtOH (1:1) never takes place for the case 
of silicon (porous films produced in HF:EtOH (1:1) are stable in H 2 O but are detached 
completely under EtOH rinse). 

In general, the por-SiC layers studied herein could be completely and relatively easily 
removed from the plate under mechanical action and EtOH rinse. Obtained powders consisted of 
several-pin irregularly-shaped porous particles (Fig. SI, SI). The fraction of the powder, 
remaining in the solution after 5 min centrifugation at 2000 g, contained mainly flat-like particles 
with the size of tens to hundreds of nanometers. The samples prepared from 1.6 or 4 mQ-cm SiC 
plates in 13% HF showed the lowest porosity, and were not detachable by mechanical action. To 
peel them from the plates, either a strong current (0.5 A-cm' 1 , 10 min, 5 s etch + 20 s stop pulses) 
in 13% HF or continuous 15 min etching at 50 mA-cnT 1 in HF:EtOH (1:1) were successfully 
applied. Thick (approx. 150 pm) mechanically strong por-SiC flakes were produced (see Fig. 
2C). Sometimes, when higher resistivity SiC plates were etched in aqueous HF, porous SiC 
layers peeled off the plate spontaneously giving the SiC flakes similar to those shown in Fig. 2C. 
Probably, this observation is caused by the mechanical action of gas bubbles, formed due to the 
anodization and being trapped under the thick por-SiC layers with narrow pores. 

Continuous etching of the SiC in either HF:H20 or HF:EtOH mixtures resulted in yellow 
or brown colouration and foaming of the electrolyte (Fig. S2, SI). According to our recent 
work 59 , this coloration takes place due to formation of the organic-like oligomeric compound 
named carbon fluorooxide (CFO). Actually, any porous deposits formed on the SiC surface after 
the anodization in HF solution should be considered as SiC/CFO mixture rather than a porous 
SiC. The properties of the CFO significantly depend on the electrolyte composition. The CFO 
fonned in the HF:EtOH mixture is poorly soluble in H 2 O, while the CFO fonned in the aqueous 
HF dissolves in water rapidly (samples 11-15 in Table 1 were rinsed only by the electrolyte 
before drying to avoid their washout). This difference is probably governed by the esterification 
degree of the CFO carboxylic groups. However, the CFO of any type, studied in the present 



work, demonstrates high solubility in ethanol allowing the efficient separation of the CFO from 
the por-SiC. The SiC/CFO ratio in the sample strongly affects its color (for instance, compare 
Fig. 2A and B), as the por-SiC after the EtOH rinse has a sand color and the CFO is brown or 
red-brown (Fig. SI, SI). 

The powder yield (Y) and the fraction of porous SiC in the powder (W(SiC)) were 
considered as material balance parameters (Table 1); the overall yield of porous SiC could be 
calculated as their product. Among the parameters of the etching process (p, j and electrolyte), 
the composition of an etchant and the plate resistivity seem to have the strongest and 
unambiguous impact on the material balance (Table 1, Fig. 3). 
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Fig. 3. A) Dependence of the overall powder yield of por-SiC prepared at j = 50 rnA-cm'" on the 
plate resistivity; B) Influence of the current density on the SiC and CFO yields for samples 
prepared in HF:EtOH etchant from 0.7 mO-cm SiC plate. 

Etching of SiC either in highly concentrated HF or in HF:EtOH mixtures resulted in the 
high powder yields. However, the obtained powders were mainly composed of the CFO with a 
low fraction of por-SiC. Conversely, no soluble CFO fraction was found in the samples, formed 
in the diluted aqueous HF, probably due to high solubility of formed CFO in this electrolyte. 

Growth of the plate resistivity from 0.7 to 4 mfTcm resulted in significant increase in the 
powder yield and the fraction of SiC in the CFO-containing mixtures (if they were formed) 
associated with a noticeable decrease in the porosity. It can be easily seen by the change of 























mechanical properties of the sample (SiC_0.7_HF13_50 - easily removable porous layer, while 
SiC1.6_HF13_50 and SiC4.0_HF13_50 - mechanically strong porous flakes, which should be 
intentionally peeled from the plate, see above). 

Influence of the current density (j) showed entirely different behavior for ethanolic and 
aqueous HF etchants. For the HF:EtOH mixture growth of j resulted in a diminution of the 
powder yield accompanied by the growth of SiC fraction in it (Fig. 3B). Possibly, this 
dependence is caused by the growth of the CFO solubility in HF:EtOH with the j increase 
observed qualitatively by the etchant color darkening. For the aqueous 13% HF only a minor 
decrease in the powder yield with an increase in the current density was found for the range, 
presented in Table 1. 

Another material balance parameter frequently reported in the literature ’ is the number 
of electrons (y) generated during the dissolution of a single SiC “molecule”. For the samples in 
Table 1 this parameter was found to be in the range of 6.1 to 7.2, showing some decrease with 
growth of j, C(HF), presence of ethanol in the electrolyte and SiC plate conductivity. However, 
possible presence of chemisorbed CFO in porous SiC, partial losses of the SiC powder during 
the etch as well as other factors giving significant data dispersion within the above range make 
this conclusion largely speculative. 

Physicochemical properties of por-SiC samples, such as their crystalline structure, 
thermal stability, and chemical composition, appeared to be rather independent on the etching 
conditions. Their systematic characterization applying powder XRD, FTIR, Si MAS NMR and 
TEM methods was performed on the example of por-SiC prepared from 0.7 mQ-cm plate by 2 h 
etching in 13% aqueous HF at 50 mA cm' - (Sample 9, Table 1). Separation of the dried porous 
layer (Fig. 2A) provided approximately 0.3 g of sand color powder having a specific surface area 
of 118 nr g' 1 , 0.67 cm 3 g' 1 pore volume, and average pore size of about 23 nm. 

Powder X-ray diffraction (XRD) pattern of the por-SiC (Fig. 4A) demonstrates intense 
peaks at 35.55, 59.92 and 71.69 20 corresponding to (111), (220) and (311) planes of 3C-SiC, 



respectively (Joint Committee on Powder Diffraction Standards (JCPDS) card number 29-1129). 
These peaks are slightly widened in comparison with the XRD peaks of a perfectly-crystalline 
SiC; the size of ordered (crystallite) domains calculated by a simple Scherrer model from the 
XRD peak width corresponds to 20 nm. A small shoulder of the (111) peak observed at 34.35 29 
may indicate the presence of either hexagonal polytype SiC admixtures or the stacking faults 
within the 3C-SiC structure 65 . 




Fig. 4. A) Powder XRD pattern of por-SiC sample; B) 29 Si MAS NMR of por-SiC. 


7Q 

Additional structural information of the por-SiC was exhibited by ~ Si MAS-NMR 
studies (Fig. 4B). According to the literature data ' , the signal at -16 ppm corresponds to cubic 
“type-A” coordination of Si atoms, while the signals at -20 and -25 ppm belong respectively to 
“type-C” and “type-B” hexagonal arrangements of Si, appearing in 6H-SiC and 15R-SiC 
polytypes. No other signals (such as ones from the SiOi and SiOC observed in the polymer- 
derived por-SiC in ref. ) were found. Narrow profiles of the MAS-NMR signals confirm high 
structural ordering of the SiC crystals. Splitting of the signals at -20 and at -25 ppm into narrow 
components cannot be related to any of the commonly existing hexagonal SiC polytypes. Hence, 
these signals relate most probably to Si atoms in hexagonal structural layers disordered within 
the main 3C-SiC structure (i.e. in the stacking faults or their clusters). 

The transmittance FTIR spectrum (Fig. 5A) of por-SiC demonstrates an intense narrow 
band at 805 cm' 1 (TO SiC phonon) and a small band at 964 cm' 1 (LO SiC phonon). No other 















bands could be assigned in these spectral conditions due to their low intensity. The por-SiC 
sample demonstrates good stability towards thermal oxidation (1 h in air at 500°C): no changes 
in the transmittance FTIR spectrum except appearance of a small band of the surface oxide (v(Si- 
O), 1070 cm' 1 ) was observed for the thermally oxidized sample; morphological parameters 
derived from the No-isotherm remained unchanged within the accuracy of the method. 



Fig. 5. FTIR spectra of initial and thermally oxidized (500 °C, 1 h in air) por-SiC samples. 

A) Transmittance, KBr pellets; B) Diffuse reflectance, neat samples. 

Note, that the oxidation at 500 °C resulted in approx. 6 % mass lost, while the sample color 
changed from sand-like to white. The mass loss can be attributed to the burning of carbon- 
enriched surface sub-layer, similar to one found previously for por- 6 H-SiC 60 . In fact, this layer 
as well as a similar layer formed on the SiC NPs after HF/HNO 3 oxidation 69 , could be considered 
as a layer of chemically bonded CFO. Its presence was confirmed by a band of carboxylic acid 
surface groups (v(C=0), 1740 cm' 1 ) in the diffuse-reflectance FT-IR spectrum (Fig. 5B). This 
band disappeared in the spectrum of thermally-oxidized por-SiC. Instead, noticeable bands of the 
surface oxide (1230 and 1080 cm" 1 ) evolved. The band of v(SiH) at 2130 cm " 1 seems unaffected 
by the oxidation, probably due to restoring of =Si-H groups through the reaction of strained Si- 
C bonds on the SiCF/SiC interface with water vapor of ambient air, as described in Ref. 69 . Other 
bands observed in the DRIFT spectra relate to vibrations of the SiC lattice (in more details: 900 


















cm 1 - TO SiC distorted by reflectance, so-called “reststrahlen” band 70 , 964 cm' 1 - LO SiC, 
1325, 1560 and 1640 cm' 1 - different combination modes). 

TEM studies of por-SiC (Fig. 6) revealed a dendritic morphology composed mainly of 
flat-like 10 - 15 mn thick crystallites and 10-50 mn pores. These values are in a good 
accordance with the N 2 adsorption data described below. The lattice spacing value of the 
crystallites (0.25 mn) derived from the HR-TEM correlates well with the dm distance of the 3C- 
SiC (0.252 mn). 





Fig. 6. TEM-images of SiC0.7_HF13_50. 

A) Dendritic mesoporous structure; B) Atomic planes and the CFO surface layer. 

The chemically bonded CFO surface tennination discussed above is clearly observed as 1 mn 
amorphous layer tenninating SiC crystallites. Furthermore, the mass of this layer estimated from 
its thickness and sample surface area corresponds to 12% of the sample mass. Hence, the 6% 
mass loss of the sample after the thermal oxidation included the burning of the CFO layer (mass 
loss) and the silica oxide fonnation (mass gain). 



3.2. Morphology of por-SiC 

The morphology of porous SiC samples was characterized by scanning electron 
microscopy (SEM) and No adsorption at 77 K. These methods are complementary to each other: 
SEM allowed observation of the microstructure, while N 2 adsorption gives averaged surface 
area, pore volume and size of representative (approx. 100 mg) portion of the sample. 

SEM studies of the samples’ cross-sections exhibited several tens of micrometers thick 
porous layers having sharp edges with a SiC bulk (Fig. 7A, S3A). The initial as well as porous 
SiC surfaces possess approximately 10 pm roughness due to the polycrystalline nature and 
multiple usages of the plates. The surfaces of SiC plates etched in the “electropolishing” 
conditions were entirely free of por-SiC (samples sSiC_HFl_50 and sSiC_HF:EtOH(l:l)_50) or 
were covered by a non-uniform and partially damaged highly-porous layers (samples 
sSiC_HF13_1000 and sSiC_HF48_50, Fig 7B, S3B). Either electropolishing or mechanical 
removal of por-SiC layers lead to the surface of bulk SiC with some round pits of about 20-30 
nm (Fig. 7B). 

Nearly all the samples studied herein exhibit the mixtures of various nanoscale por-SiC 
morphologies within the layer. However, unlike the numerous publications on the preparation of 
por-SiC and por-Ge 40 ' 58 , no morphology dependence on the layer depth was revealed in our 
studies. Probably, the morphology variations depend mainly on the orientation and electrical 
conductivity of the SiC crystallites. 

Two most typical morphologies coexist in close vicinity for the samples prepared in 2- 
26% aqueous HF at j = 25-200 mA-cm 2 (Fig. 7C, S3C). The first one, named “hierarchical” 
could be represented as flat-parallel 50-150 nm spaced layers with mesoporous SiC paddings 
between them (Fig. 7C-7F, S3C, S3D). The interlayer padding is fonned by dendritic (Fig. 7E) 
and sponge-like SiC crystallite partitions (Fig. 7F) perpendicular to the main layers. The dendrite 
trunks are located at 100 - 200 nm from each other, the distance between the dendrite branches 
or small columnar crystallites in sponge-like por-SiC is close to 20 nm. Another type of the 



nanostructure, named “tubular” consisted of 100 - 300 nm parallel tubes or slit-like pores, the 
walls of which are usually oriented perpendicularly or at 35° to the layers of hierarchical 
structure (Fig. 7C, S3C). 



SEM HV: 10.0 kV WD: 2.91 mm 

SEM MAG: 14.8 kx Det: InBeam 

View field: 75.4 pm Date(m/d/y): 06/08/16 
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Fig. 7. SEM images of the por-SiC samples. 

A) Rough por-SiC layer on the plate (sSiC_HF26_50); 

B) Pits on the bulk SiC and residual por-SiC after electropolishing (sSiC_HF13_1000); 

C) Coexisting of tubular and hierarchical morphologies (sSiC_HF13_200); 

Hierarchical morphology: D) Overall view (sSiC_HF2_50); E) Top view of dendritic inter-layer 
filling (SiC0.7_HF13_50); F) Top view of sponge-like inter-layer filling (SiC0.7_HF26_25). 

G) Filamentary morphology (sSiC_HF48_50). 

Tubular morphology: H) Side view (sSiC_HF13_500); I) Tube entrances (sSiC_HF13_1000); 

J) Detachment of porous layer from support (sSiC_HF13_500). 


The morphology of por-SiC, prepared in the “electropolish” conditions (Fig. 7G-7J and 
S4), demonstrates certain deviations in comparison with the one of samples, prepared in diluted 
aqueous HF at moderate currents. The electropolishing due to the preferable formation of CFO 
(0.7 mD-cm SiC plate, etched in HF:EtOH or 48% HF) resulted in fonnation of highly-porous 
SiC having fragile openwork filamentary structure (Fig. 7G). Changes in morphology, caused by 


the oxide-governed electropolishing (low HF concentrations or high currents) are more 


complicated. Particularly, an increase of tubular por-SiC fraction (Fig. 7H, I) accompanied with 
partial destruction of the hierarchical structure and overall porosity growth (Fig. S4, SI) takes 
place. Besides that, por-SiC layer partially detaches from the support (Fig. 7J), possibly because 
of the electrolyte depletion and gas bubbling. Anyway, any por-SiC sample in this work 
demonstrates the porous texture, represented as complex morphologies mixture. 

The morphology of por-SiC flakes, formed in aqueous HF on 1.6 and 4.0 mfTcm SiC 
plates, consisted of hierarchical and tubular porous structures (see Fig. S5), very similar to those 
found for por-SiC powders, made of 0.7 mfTcm plate. However, lower porosity and smaller pore 
size of the flakes limit their application as catalytic carriers. More likely, the por-SiC fabricated 
from higher resistivity plates could be applied as nanoreactors or for nanofiltration, similarly to 
porous silicon free standing layers 71 . 

Analysis of N? isotherms (Fig. 8) confirmed a mesoporous framework for all of the 
studied por-SiC samples (see the values in table SI, SI). The isotherms relate to type IV with the 
H3 type hysteresis loop according to the IUPAC classification, typical for mesoporous materials 
with the slit-like pores . Narrow hysteresis loops and close values of the pore sizes derived from 
adsorption (pore voids) and desorption (pore entrances) parts of the isotherm (Table SI) indicate 
an open morphology and the absence of “bottle-like” pores with narrow necks. 




Fig. 8. A) N 2 -adsorption isotherms; B) Pore size distributions (BJH, desorption), typical of por- 


SiC samples. 









The influence of the etching parameters on the morphology of por-SiC is in accordance 
with the peculiarities exhibited by the material balance. The resistivity of the plate and the 
electrolyte composition has the most substantial impact on the morphology. Growth of the plate 
resistivity results in significant decrease in the pore volume and size (Fig. 9) as well as the 
surface area (Table SI, SI). For the majority of studied samples the value of Sbet is in the range 
of 100 - 120 m g' and it seems independent on the current density and electrolyte composition. 



Plate resistivity, mfi-cm Plate resistivity, mC2-cm 

2 

Fig. 9. Dependence of the parameters of por-SiC prepared at j = 50 mA-cm’“ (Table 1) on the 
plate resistivity. A) Pore volume; B) Average pore size (D B et). 

Presence of ethanol in the etchant (i.e. CFO-preferable conditions, see Fig. 3 and 
corresponding discussion) causes the morphology evolution from hierarchical to filamentary one 
(compare Fig. 7D and 7G). This change is accompanied by a noticeable increase in the pore 
volume and size (Fig. 9, Table SI). The variations of aqueous HF concentration in 2-26% range 
show no impact on the morphology type and parameters. Low concentration of HF (1%) causes 
electropolishing, however minor quantities of por-SiC is formed and detached in the solution 
during etching and rinsing. 

An influence of the current density (j) on the morphological parameters is entirely 
different for ethanolic and aqueous HF etchants, which is in accordance with the material 
balance values, discussed above. Growth of j for the HF:EtOH mixture resulted in the shift of 








etching conditions from “CFO-preferable” to “por-SiC preferable”. It is accompanied by a 
significant decrease in the por-SiC pore volume and size (Table SI) and morphology evolution 
from filamentary to hierarchical. For aqueous HF (13%) growth of j probably gives an increase 
of tubular pores fraction in “hierarchical-tubular” morphologies mixture. This assumption is 
confirmed by a partial decrease in the powder yield (Table 1) and surface area (Table SI), SEM 
images (Fig. 7) and layer thickness growth under constant Q for the samples, prepared at j = 200 
- 500 mAcm" (Table S2). High j (I Acm" ) leads to the formation of the non-uniform por-SiC 
film due to the electropolishing process. The data for the por-SiC prepared in 48% HF appeared 
irregular because of the spontaneous detachment of porous layers from the plate into the solution 
during the etching process. 

In general, three different, but closely-interconnecting etching modes could be 
distinguished. The first one, favored by HF (48%) or HF:EtOH etchants and moderate currents, 
resulted in the preferable fonnation of the CFO and highly-porous filamentary SiC. The aqueous 
HF (2-26%) and moderate currents resulted in hierarchical por-SiC, while low HF concentration 
and high currents resulted in morphology transformation into the tubular one followed by an 
electropolishing. An increase in the plate resistivity leads to overall decrease of the pore size, 
porosity and CFO fraction in SiC/CFO mixtures. Voluntary detachment of por-SiC layers from 
high resistivity plates observed for aqueous HF (13%) probably takes place due to the electrolyte 
depletion and mechanical action of gas bubbles under the thick por-SiC layers with narrow 
pores. 

Following qualitative physical model could be proposed to interpret the observed 
experimental trends. Similarly to the classical process of por-Si formation 64 , the anodization of 
SiC could be described by two stages: electrochemical oxidation of SiC and silicon oxide 
dissolution in HF. High currents (or low HF concentrations) resulted in the higher rate of 
oxidation (which is directly specified by the j value) as compared to oxide removal. In this case, 
the reaction takes place by the electrons tunneling through the surface oxide layer occurring in 



the places of highest electric field gradient, i.e. at the pore tips. This leads to the formation of 
tubular morphology and electropolishing as an extreme case. Probably, these conditions do not 
facilitate formation of the CFO, and the dissolution of SiC occurs via the reactions 2 and 3. 

An increase in the HF concentration (or decrease in the current) changes the situation to 
the opposite: the SiC surface can be considered as entirely free of oxide during the etching 
course. In this case, the CFO is formed as the main product of SiC oxidation. Let’s remind, that 
the dissolution of highly-doped n-type SiC in the dark at low voltages (U < 12V between two 
electrodes of the overall cell) proceeds via the holes tunneling through the “space charge region” 
(SCR). The width of the SCR (dsciO is proportional to p" “ (where p is the charge carriers 
concentration) , while the probability of tunneling is proportional to exp(-dscR). As a result, the 
etching proceeding by this mechanism is predominantly governed by the concentration of holes 
in the near-surface region. The concentrations of holes in the volume of the studied 0.7-4 mOcm 
SiC plates are sufficiently high. However, the etched interface could be depleted in the holes due 
to next factors: i) Quantum confinement in small SiC crystallites, and ii) Charge carriers trapping 
onto the surface defects. The factor of quantum confinement is responsible for the pore volume 
decrease and the SiC yields growth with the increase in plate resistivity. For low initial 
concentration of holes (the case of 4 mO cm plate) relatively large crystallites are sufficient to 
stop the dissolution, leading to por-SiC with thick pore walls and low pore volume, while for 0.7 
mO cm plates the pore walls of por-SiC are much thinner. The factor of charge carriers trapping 
is responsible for morphology change with growth of the HF concentration or with the addition 
of EtOH. Both of these factors facilitate the fonnation of CFO and probably are efficient in 
surface defects passivation. The passivation, similarly as it occurs for p -type por-Si under the 
action of HF 74 , resulted in the release of charge carriers trapped onto the surface defects. Increase 
in the carriers’ concentration resulted in overall thinning of the SCR and highly porous 
filamentary por-SiC with small crystallites fonnation. 



4. Conclusions 


It is the first detailed study of the electrochemical dissolution of highly-doped n-type (~ 1 
mfixm) polycrystalline 3C-SiC plates in aqueous and ethanolic HF. Perfectly crystalline por- 
SiC with large pore volume, close to 100 m /g surface area and mesoporous open morphology 
along with the “carbon fluorooxide” byproduct were prepared in gram quantities. The surface of 
por-SiC is covered with a thin carbon-enriched layer bearing carboxylic acid groups. This type of 
por-SiC can be used as a catalytic carrier in the Fischer-Tropsch process demonstrating high 
thermal conductivity, chemical inertness, and mechanical stability. The potential application also 
includes nanofiltration, nanoreactors and sensors technology. 

The parameters, allowing to control of the por-SiC yield, morphology and the SiC/CFO 
ratio in the product were found and interpreted in terms of quantum confinement and surface 
passivation. Particular ly, the porosity and yield of the por-SiC are governed mainly by the plate 
resistivity, since the growth of the pore wall thickness while resistivity increases. Three types of 
the por-SiC morphology, intimately mixed in different ratios within the sample, were usually 
observed. Highly-porous filamentary por-SiC is fonned at low currents in 48% HF or HF:EtOH 
(1:1) as a mixture with CFO. The etching at moderate currents in aqueous HF mainly provides 
“hierarchical” por-SiC formed by flat-parallel 50-150 mn spaced layers with mesoporous SiC 
paddings between them. Higher currents turn the morphology to macroporous “tubular” one 
consisted of 100 - 300 mn parallel tubes and slit-like pores. High currents and low HF 
concentrations, as well as the etching in the “CFO-preferable” conditions, resulted in the 
electropolishing of SiC plate surface: no porous layer resided after the rinsing. 

All the results, obtained in the frames of our work, give new understanding of the 
processes of top-fabrication of SiC nanostructures. The found insights can be also useful for 
elaboration of por-SiC by chemical and metal-assisted approaches. Finally, our results will allow 
enlarging of the practical applications field of the por-SiC. 
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